Background: Emerging evidence indicate that miRNAs play an important role on gastric cancer (GC) progression via regulating several downstream targets, but it is still partially uncovered. This study aimed to explore the molecular mechanisms of GC by comprehensive analysis of mRNAs and miRNA expression profiles.
predominant factors causing GC [7] . Recent progress in researches on miRNAs and gene alterations in GC has been reported [8] [9] [10] . Emerging evidence indicates that miRNAs play an important role on the progression of GC, via the regulation of several downstream targets [11] ; however, detailed information is still unavailable. Reportedly, the overexpression of miR-223 can promote GC invasion and metastasis via the regulation of the downstream tumor suppressor, EPB41L3 [11] . In addition, upregulated miRNA-194 may also promote the proliferation and migration of GC cells by activating Wnt signaling by targeting the negative Wnt regulator, SUFU [12] . Moreover, decreased levels of miR-4317, which targets ZNF322, is related to GC cell proliferation and S-G2/M transition [13] .
In recent years, more and more researchers have attempted to explore the therapeutic targets of GC by microarray analysis of genes and miRNA expression profiles [14] [15] [16] , and many genes like ALDOB, MT1H, and KRT2, as well as miRNAs such as miR-495-3p, miR-421, and miR-658 have been shown to be differentially expressed in GC tissues, compared to healthy control tissues [14] [15] [16] . However, the comprehensive regulatory mechanisms between those miRNAs and genes in GC have not yet been studied comprehensively.
In the present study, we used the data of GSE79973 mRNA and GSE67354 miRNA datasets to analyze the differentially expressed miRNAs (DE-miRNAs) and differentially expressed genes (DEGs), and predicted both the regulatory pairs between those DE-miRNAs and DEGs, and the function of those genes. Finally, we validated the expression changes of several DE-miRNAs and DEGs by real-time RT-PCR. Our study might not only provide the potential regulatory relationships between miRNAs and genes, but also identify important biomarkers for GC diagnosis and treatment.
Results

DEGs and DE-miRNAs analyses
Based on the aforementioned cut-off criteria, a set of 1303 DEGs were identified in GC tissue samples, compared to normal adjacent non-tumor mucosa samples, among which 703 DEGs were upregulated and 600 DEGs were downregulated. In addition, a total of 35 DE-miRNAs were screened between GC and normal adjacent non-tumor mucosa tissue samples, including 8 upregulated DE-miRNAs and 27 downregulated DEmiRNAs. The number of downregulated DE-miRNAs and upregulated DEGs were higher than the number of upregulated DE-miRNAs and downregulated DEGs.
miRNA-miRNA network analysis
Among the 35 identified DE-miRNAs stated above, only 25 DE-miRNAs, which comprised 19 downregulated DEmiRNAs and 6 upregulated DE-miRNAs, were reported in the miRBase database. Of these, miRNA301b had no relevant targets. For the remaining 24 DE-miRNAs, a total of 2843 targets were found in the miRBase database. The top ten DE-miRNAs with more downstream targets (eg., hsa-miR-193b-3p, hsa-miR-148b-3p, and hsa-miR193b-3p) and top ten targets regulated by more upstream miRNAs (eg., MYC, CDKN1B, and GATA6) are listed in Table 1 , respectively.
The co-regulated miRNA-miRNA target network included 24 DE-miRNAs and 171 interactions (Fig. 1) . The top 15 miRNA-miRNA interactions that had more number of the same target genes are listed in Table 2 ; this includes hsa-miR-148a-3p and hsa-miR-148b-3p, hsamiR-196a-5p and hsa-miR-196b-5p, and hsa-miR-100-5p and hsa-miR-99a-5p.
Pathways analysis of DE-miRNAs
In order to analysis the function of DE-miRNAs, pathways analysis based on DE-miRNA-targeted genes was performed. The results revealed that several miRNAs such as mir-196a-5p, mir-148a-3p, mir-148a-5p, mir-376c-3p, and mir-429 were closely associated with "Proteoglycans in cancer". In addition, many miRNAs (eg., mir-100-5p, mir-148a-3p, and mir-193b-3p) were involved in the pathway of "cell cycle" (Fig. 2) .
DE-miRNA-DEG regulatory network analysis
Based on the aforementioned methods, a total of 11 downregulated DEGs and 136 upregulated DEGs were overlapped between the targets of DE-miRNAs and all DEGs. The upregulated DE-miRNA-DEG regulatory network comprised of four upregulated DE-miRNAs, 11 downregulated DEGs, and 15 regulatory pairs, in which upregulated hsa-miR-196b-5p targeted more DEGs (eg., GLUL and GATA6) than other DE-miRNAs (Fig. 3) . On the other hand, the downregulated DEmiRNA-DEG regulatory network involved 17 downregulated DE-miRNAs, 136 upregulated DEGs, and 162 regulatory pairs. In addition, hsa-miR-193b-3p and hsa-miR-148a-3p had more targeted DEGs than other miRNAs; hsa-miR-193b-3p had 59 targets (eg., NCAPG, CDK1, and CHEK1) and hsa-miR-148a-3p had 15 targets (eg., KIF2C and MYC) (Fig. 4) .
Functional enrichment analysis of overlapped genes
The functional enrichment analysis indicated that the downregulated DEGs were markedly related to functions such as "negative regulation of transcription from RNA polymerase II promoter" and "transcription regulatory region DNA binding'' (Fig. 5a ). However, no relevant pathways were predicted for the downregulated DEGs. In addition, most upregulated DEGs were significantly associated with functions like "cell division" (e.g., CCNB1 and KNL1), "cell proliferation" (e.g., BUB1), and "mitotic nuclear division" (e.g., KNL1), and with pathways such 
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as "p53 signaling pathway" (e.g., CCNB1, CDK1, and CHEK1) and "cell cycle" (e.g., KNL1 and NCAPG) (Fig. 5b) .
PPI network analysis
The interactions of the 147 aforementioned genes were investigated by constructing a PPI network (Fig. 6 ), which comprised of 95 nodes and 340 protein-protein interaction pairs. The top 20 nodes with high degrees are shown in Table 3 , including CDK1, KNL1, NCAPG, and KIF2C.
Validation of gene expression
We used RT-qPCR to detect the expression of three DEmiRNAs (hsa-miR-148a-3p, hsa-miR-193b-3p, and hsamiR-1179) and three DEGs (MYC, NCAPG, and KNL1).
The results showed that the expression of NCAPG and KNL1 were obviously increased in GC tissue samples compared to normal controls (p < 0.05, Fig. 7a, b) . On the contrary, the expression of hsa-miR-148a-3p, hsa-miR-193b-3p, and hsa-miR-1179 were significantly decreased in GC tissue samples, compared to the normal controls (p < 0.05, Fig. 7c -e). Notably, those experimental results were in accordance with our bioinformatics-predicted results in the GSE79973 and GSE67354 datasets. However, no significant difference in the expression level of MYC was detected between the experimental and control groups (p > 0.05, Fig. 7f ).
Discussion
In our study, a total of 1303 DEGs, including 703 upregulated and 600 downregulated genes, and 35 DE-miRNAs, comprising 8 upregulated and 27 downregulated miRNAs, were identified in GC tissues, compared to the normal adjacent non-tumor mucosa tissue samples. Importantly, hsa-miR-193b-3p, which targeted 59 DEGs (eg., NCAPG), and hsa-miR-148a-3p, which targeted 15 DEGs (eg., MYC), were highlighted in the DE-miRNA-DEG regulatory network; additionally, hsa-miR-1179, Fig. 2 The functional enrichment result of miRNA-targeted genes. The size of each node represents the miRNA-targeted gene number ratio for the corresponding pathway, whereas the color change from blue to red indicates the p values from big to small for the corresponding pathway which targeted KNL1, was newly predicted to be associated with GC. In addition, NCAPG and KNL1 had higher degrees in the PPI network. Notably, overlapped DEGs were significantly associated with functions like "mitotic nuclear division" (e.g., KNL1) and with the pathway "cell cycle" (e.g., KNL1 and NCAPG). Moreover, our RT-qPCR results showed that hsa-miR-148a-3p, hsa-miR-193b-3p, and hsa-miR-1179 were downregulated, and NCAPG and KNL1 were upregulated in GC tissue, which were consistent with our bioinformatics-predicted results. miR-148a-3p is a key regulatory factor to be involved in many cancers progression [28] [29] [30] . A study has reported that the downregulation of miR-148a-3p can promote cell migration and proliferation in patients with laryngeal squamous cell carcinoma [29] . In addition, miR-148a is detected to be downregulated in human breast cancer tissues, and its overexpression can inhibit the migration and invasion of breast cancer cells by targeting WNT-1, while inhibition of miR-148a-3p had the opposite effect [30] . Moreover, Wang et al. have suggested that the miR-148a-3p/ERBB3/AKT2/c-myc signaling axis has an important role in controlling bladder cancer progression. Consistently, we herein detected that miR-148a downregulation existed in GC tissue samples and that MYC was its target [28] . Furthermore, MYC has been suggested as a proto-oncogene; its expression is markedly high in GC tissue [31] . However, our RT-PCR results showed that there was no statistically significant difference in the expression of MYC between the GC tissue and control samples, and the difference with previous results might be caused due to the low number of tissue samples. Collectively, we suppose that the downregulation of miR-148a-3p might be closely associated with the development of GC, via the targeting of MYC.
miR-193b-3p, a tumor suppressor, is aberrantly expressed in several types of cancer. miR-193b is detected to be downregulated in ovarian cancer, and is associated with poor prognosis [32] . Similarly, Jin et al. have revealed that the reduction of miR-193b was detected in pancreatic cancer tissues and it can act as a cell-cycle brake in pancreatic cancer cells through the regulation of G1-phase arrest and fraction of cells in the S phase [33] . In addition, it has been suggested that miR-193b-3p functions as a tumor suppressor in T-cell acute lymphoblastic leukemia and can directly regulate the MYB oncogene [34] . Notably, our experimental results indicated that miR-193b-3p was significantly downregulated in GC tissues, and we predicted that NCAPG, as a target of miR-193b-3p, was upregulated and involved in the function of the cell cycle. Non-SMC Condensin I Complex Subunit G (NCAPG) encodes a subunit of the condensin complex I, which is associated with the proper segregation of sister chromatids in the condensation and fission of mitotic chromosomes, and is responsible for the stabilization of chromosomes during mitosis and meiosis [35] . Mitotic chromosome condensation plays a crucial role in cell proliferation and results in the reconstitution of chromosomes into rod-like mitotic chromosomes, ensuring the separation of sister chromatids during cell division. NCAPG has been reported to be a mitotic gene, and its overexpression is responsible for the cell proliferation and migration in hepatocellular carcinoma [36] . Consistent with our study, NCAPG is differentially expressed in GC tissues compared to normal control tissues, and is enriched in the cell cycle term [37] . Therefore, we speculated that the downregulation of miR-193b-3p might contribute to GC cell proliferation by mediating the upregulation of NCAPG.
Our study showed that miR-1179, a newly identified DE-miRNA, was related to the development of GC; RT-PCR analysis revealed that it was significantly downregulated in GC tissues. So far, there is no related report regarding the role of miR-1179 in GC. In 2017, Xu et al. had demonstrated that miR-1179 is downregulated in glioma tissues and it is associated with cell proliferation and cell cycle progression by targeting transcription factor 5 [38] . In our study, we predicted that KNL1, which is associated with mitotic nuclear division, is a direct target of miR-1179; experimental data showed that KNL1 was overexpressed in GC tissues. Kinetochore Scaffold 1 (KNL1, also named CASC5 or D40/AF15q14) encodes a component of the multiprotein assembly that regulates spindle assembly checkpoint and chromosome biorientation to promote accurate chromosome segregation during the cell cycle [39] . The normal expression of KNL1 contributes to multiple aspects of mitotic progression [40] . Evidence suggests that the overexpression of kinetochore components may lead to tumor progression by driving chromosome instability [41] . Reportedly, high D40 expression levels are detected in two human tumors cells lines: cervical cancer and lung cancer [42] . In addition, KNL1 is involved in cell growth and division and can interact with the tumor suppressor pRb to regulate cell proliferation in cancers [42] . We suggested that as a whole, the downregulation of miR-193b-3p might contribute to the mitotic nuclear division of GC cells by mediating the upregulation of KNL1.
Although the study has detected the expressions of NCAPG and KNL1 by RT-PCR, we fail to further validate these expressions by western blot due to no available samples and limited research funding. In future, an indepth study of regulatory mechanisms validations between genes and upstream miRNAs speculated in this study should be conducted.
Conclusion
In conclusion, we identified a set of 703 upregulated and 600 downregulated DEGs, as well as 8 upregulated DE-miRNAs and 27 downregulated DE-miRNAs in GC tissues, in total. In addition, our results revealed that the downregulation of miR-193b-3p might contribute to GC cell proliferation by mediating the upregulation of NCAPG. Additionally, the downregulation of miR193b-3p might contribute to the mitotic nuclear division of GC cells by mediating the upregulation of KNL1. These results provide a theoretical direction for future research with regards to the molecular mechanisms of the progression of GC.
Methods
Date source and data processing
The datasets GSE79973 of mRNA and GSE67354 of miRNA used in the present study were both downloaded from Gene Expression Omnibus (GEO, http://www.ncbi. nlm.nih.gov/geo/). The GSE79973 dataset was analyzed by Affymetrix Human Genome U133 Plus 2.0 Array platform, and it included 20 samples (10 GC tissue samples and 10 adjacent non-tumor mucosa samples) [14] . On the other hand, the GSE6735 dataset was analyzed by the Homo sapiens miRNA Ca_Hu_MiRNome_v2 platform. This dataset comprised data from five GC tissue samples and five adjacent non-tumor mucosa samples.
The raw data formatted as cel files and corresponding annotation files of those two datasets were obtained from GEO database. Data normalization was performed next, using the affy package (Version 1.48.0; http://www.bioco nduct or.org/packa ges/3.2/ bioc/html/affy.html) in R [17] , which included the background correction, quantile normalization, probe summarization, and translation of the probe ID to the gene symbol.
Identification of differentially expressed miRNAs and genes
The T test in limma package (Version 3.26.9; http://www. bioco nduct or.org/packa ges/3.2/bioc/html/limma .html) [18] in R was used to screen the DE-miRNAs and DEGs in GC tissue samples, compared to normal adjacent nontumor mucosa samples. The threshold values for identifying DE-miRNAs in GSE67354 were set as |log 2 fold change (FC)| > 0.8 and p-value < 0.05, while |log 2 FC| > 1 and p value < 0.05 were selected as the cut-off criteria for defining DEGs.
Construction of co-regulated targets networks of DE-miRNAs
miRBase (http://www.mirba se.org/) is a public repository database, which contains all published micro-RNA sequences and annotation [19] . We compared the miRNA ID and mature miRNA sequence between DEmiRNAs identified above and miRNAs in miRBase database; only the DE-miRNAs with corresponding IDs in the miRBase database were reserved for following analysis. miRWalk2.0 (http://mirwa lk.uni-hd.de) is a comprehensive database that provides the predicted and validated information of miRNA-target interaction [20] . The targets of DE-miRNAs were predicted from this database, and regulation pairs between the DE-miRNAs and their targeted genes were obtained. In addition, it was considered that DE-miRNAs with same target genes interacted with each other. Thus, co-regulated targets networks of miRNA-miRNA were constructed and presented using the cytoscape software (version: 3.2.0) [21] .
Functional enrichment analysis of DE-miRNAs
clusterProfiler is a package of R that applies gene classification and enrichment analyses for gene cluster comparison [22] . In our study, the pathway enrichment analysis of miRNA-targeted genes was performed using clusterProfiler package, and the miRNA-related pathway was inferred from pathways associated with their targeted genes. Next, the p value of enriched pathways was revised by BH method [23] , and the revised value of p < 0.01 was chosen as the cut-off criterion for significant pathway terms.
DE-miRNA-DEG regulatory network construction
First, we obtained the overlapped genes between the above predicted targets of DE-miRNAs and DEGs obtained from the GSE79973 dataset. Next, the overlapped upregulated genes and downregulated genes were divided. By acquiring the regulatory relationships between the upregulated DE-miRNAs and downregulated DEGs, and downregulated DE-miRNAs and upregulated DEGs, the upregulated DE-miRNAs-targeted DEG and downregulated DE-miRNAs-targeted DEG networks were constructed using the cytoscape software.
Functional enrichment analysis of overlapped genes
Gene ontology (GO) database offers functional annotations of genes from three aspects including biological process, molecular function, and cellular component Fig. 7 The relative miRNA expressions of NCAPG (a), KNL1 (b), hsa-miR-148a-3p (c), hsa-miR-193b-3p (d), hsa-miR-1179 (e), and MYC (f) detected by RT-PCR in the gastric cancer tissues, compared to those in the normal controls. p < 0.05 was considered to be significantly significant [24] . The Kyoto Encyclopedia of Genes and Genomes (KEGG) is also an important database for genome annotation, which defines the functions of genes or proteins in several specific metabolic and regulatory pathways [25] . In the present study, the GO term and KEGG pathways analysis of overlapped genes was performed by using the biocloudservice platform (http://www.biocl oudse rvice .com/). The cut-off criterion for significant GO terms and KEGG pathways was set as p < 0.05.
Protein-protein interactions (PPIs) network construction
The Search Tool for the Retrieval of Interacting Genes (STRING, https ://strin g-db.org/) database provides the functional associations between proteins for more than 200 organisms [26] . In our study, the PPIs of overlapped DEGs were analyzed using STRING. Then, the obtained PPI pairs were used to construct the PPI network, which was visualized using Cytoscape [21] . The topological properties of each node in the PPI network were also analyzed.
Validation of gene expression by real-time RT-PCR analysis
RT-PCR analysis was performed to detect the expression levels of several key DEGs and DE-miRNAs that were predicted to be closely associated with GC. The experimental material, which was five normal gastric mucosa (Normal group) and five GC tissue samples (Experimental group), were collected from five gastric cancer patients, who had undergone radical gastrectomy at the Sino-Japanese Friendship Hospital of Jilin University. All the patients had signed the informed consent before participating in the study. The study has been approved by the Ethics Committee of the Sino-Japanese GAPDH and U6 were selected as reference genes for quantitating DEGs and miRNAs, respectively. The primer sequences of detected genes are listed in Table 4 , and the relative expression of genes was calculated using the 2 −ΔΔCt method [27] . All the experiments were repeated thrice.
Statistical analysis
All results are presented as the mean ± standard error of mean (SEM). Statistical analysis of differences between groups was performed using the SPSS 22.0 software, and p < 0.05 was considered to be significant. The graph software used was Graphpad prism 5 (Graphpad Software, San Diego, CA).
